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ABSTRACT 


This thesis presents a survey of techniques which weap 
used to suppress sidelobes in antenna array systems. Methods 
mmol) Cable sceutixedmarrays include direct null postereonanea: 
element spacing adjustment, perturbation of complex pattern 
function zeroes, and pattern synthesis. Methods applicable 
Bewsignal processing arrays include performance optimization, 
which can also be extended to permit system self-adaptation 


to changing noise conditions. 
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LL. . INTREBUCTION 


ThiSssthesis iS inten@geadmre presence. a survey of Gechni ques 
mor the suppression of Sidelobes of antenna array pattern... 
The use of multi-element sensor structures in seismographic, 
fam@oustic, and electromagnetic systems greatly extends the 
mange Of Control over the resulting Signal Exansmission oO 
Peception performance. A single element restricts process- 
ing capability to a Single Signal; a system of N elements 
provides the opportunity to independently manipulate N sets 
SaeeOoperating parameters in such a way aS tO impxove various 
Suitable measures of system performance. 

Initially we present the baSic characteristics of arrays 
and define two fundamental performance measures; Signal-to- 
noise ratio, SNR, and directive gain, G. Methods of sidelobe 
Suppression applicable to fixed structures are then discussed, 
followed by methods which optimize performance criteria in 
PmeecesSing systems. 

Pemovould beemOoccad that while the methods: desemurca 
-meonpass a large portion of current theory they certainly 
Gado not exhaust the field. The capabilities of large-scale 
eampucer—-controlled signal processors, the multitude of juse— 
ful array geometries, and the variety of suitable performance 
criteria insure that this field will remain a productive area 


ee theoretical and practieal research. 





It.  BASTC ARRAY seRENGPE EES 


An "array" may be generally definedwassonpacotercumy 
collection of senSors arranged in an arbitrary Spatial pat- 
tern used to Simultaneously detect the local states of an 
pmpanging field or Superposition of fields. Historically, 
the concept of an array has been nowhere as general as this; 
arrays have evolved from the extension to additional numbers 
amc Lect s Of fixcanqeomerrical patterns, ~such as) elie wc reu— 
lar arrays of underwater sensors, or the linear and planar 
memrays Of radio antennas. Theories of array behavior have 
Shown a corresponding evolution from specific, regular 
algebraic forms, such as the complex polynomials of Schel- 
kunoff [13] or the Tchebyscheff polynomials of Dolph [7], 
to the stochastically controlled self-adaptive processors 
of Mermoz [ll], Widrow [17], and Griffiths [10], where the 
very indefiniteness of observed signals provides the means 


Seep Lescribing the appropriate processing technique. 


A. PATTERN FUNCTIONS 
The elementary N-element linear array, Figure 1, has a 


total far-field radiation vector 


N-1 : 
v(9) =v (0) > a. a /ESGe Las V.(8) S(@) 
ine 10, 
where es is the radiation vector of each element, a is the 


complex excitation of the n-th element, S(9) is the space 


factor of the array, as defined by Ramo and Whinnery [12], 
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and k is the wave number. The radiation intensity is 


Thus, in systems where the principle of Superposition is 
geplicable, the field@d patterns of an array ‘can be arranged 
asa Procuce Of the welemeneerattern Eames momnuine ba onmen 
eeagular direction. Is|? iseealled thew@armvay factor. 

If a is a constant in both amplitude and phase, the 
Pattern has a principal maximum in the X-Z plane in the 
amrection given by 


nkdsin§8 ~ OQ 


Q Oy 
and nulls in the directions given by 


Nkdsin9 ~ 2nT, n<N 


@= sin? (220 : 

mowing chosen a specific array geometry and excitation, it 
becomes apparent that the response of the array in directions 
meme than the central direction is no longer under arbitrar, 
Bemerol; an interfering signal may be idennes between the 
mls resulting in degradation of the performance of the 
system. 

The concept of the pattern function can be extended to 
moO Or three dimensions, using a general cCoordinaere Syseen 
as Shown in Figure 2. In the case of regular planar arrays, 
the space factor is 


= i . : 
S(9,0) 2 2 Ayn? 5k (nd sindcoed nd, ,sin@sin®) 
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General Array Geometry 





where (9,0) are the direction coordinates of beam orientation, 
and qd, and cy, are the element Spacing in the X and Y dir- 
ections, respectively. The general 3-dimensiondal=arrayeia- 


a space factor 
= x 
5(0,0) = Sa eJ¥F pcos, 
n 


— ; : + 
where cOsH, sin@sin® cos (P Q,) cos8cose,, (0.0.x) are 
the position coordinates of the n-th element and a Ls tic 
angle between the "look direction" (9,d) and the element 


MesttiLon vector. 


B. SIGNAL-TO-NOISE RATIO AND GAIN 

Signal-to-noise ratio, SNR, iS a critical parameter in 
femy Leceiving systems, Such as echo-ranging Systems and 
most amplitude-modulation systems. Similarly, gain, or 
Mbective gain, G, iS a critical Signal transmission param- 
eter. In considering problems of antenna sidelobes, it has 
been suggested that off-axis Signals may cause unwanted 
materterence. Conversely, adjustment of the antenna pattern 
to lower sidelobes may degrade on-axis performance. Techni- 
gues of optimization to be described will maximize SNR or G, 
ees achieving a balanced compromise between sidelobe level 


and main-beam degradation. In general, SNR is defined as 


SNR = OULPUE Signal power wleEnouLenosae 
output noise power without Signal 


ee 
This parameter is meaningless without appropriate definition 


of the processing system. A qeneral) Systeme tome ne yee 





Brgqure 3. The outpuG es suede ees 
ie tr * 
S, PRES: (ee ia 8) 


where the incident Signal is assumed to have the same struct- 
ure as a function of time at all sensors, T. is the time 
Semay Of the signal at eemm—en element, hy 1S Tene wa npulas 
‘response of the m-th ellement, and * represents the convo= 


HuEiON operation. The signal power is then 


— © 


aoa rne CoOMmPpNeEauton, has DbCemmexprecsead Ingene Lreeaquency, 
domain with Signal power spectral density W. (), filter 
transfer function H(@), and radian frequency variable ®. 


The noise output is 
= + % 
no > Ge IGE) In (te), 


Peeene resulting noise power is 


= se r n jo) “an 
Po ees (2?) Hy () an (ayer™"( ie - TL) ao 2m. 
— © 


An ultimate objective is to manipulate the gain and phase 
ott of the filters in a frequency-independent manner so 
the filter response can be represented as 


H(w) = Ke) Fmt (w) 
with H(@) the frequency-independent factor. Then, 
P = ak K eJ (OF 7 Oy) Z: (w) lt (2) | 729 M7, - T_) 
Ss eee TUT fw, m n’da/2it 
— © 
and 
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Figure 3. General N-Channel Linear Processor 


Wal 





- ch an i geet 2 uy T 
Be >> KK m n [ %@) 1H) ej (U, T,) aay 27 
mn —~a 
Finally, SNR may be expressed in matrix foungas 


K'GK 


KTyxK 


SNR — 


where 
jo 
Koe O 


jo 
K€ alt 


ZeAC}Oint (K] 
Pe : 
= [Sands Gan [Wy [aia] “PAT, - Ty 


Av 251 
f2 ZC a ee 
Je ah er (TU. 


“ ) oo 


nays mn 


ty) awy/2it 
mae resulting formula, a ratio of two quadratic forms, pro- 
Perdes unique properties for optimization. 

Directive gain, G, as defined by Silver [15] is 


power density in direction (0.,Q,) 


average power density 


P(6,,Q,) 
250 ae 

am [ [? aa? 
Oo oO 


eamce, for arrays, 
iS 2 
P(6,0) = Pi(9,%) |s(9,%)| 
where Pi (8,9) is the element power pattern and S(09,) is the 


Space factor of the array, the gain becomes 
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P(8,,Q,) 
Seema a — 
an f J P.(9,9) |[S(@,Q)|" sin ededd 


fs 


Me array factor is 


Is(e,g)| 7 =S a Gre SOF See 


n m 
where the a now tepmesene the weighting Lactors anawlaneas 
filter of the receiving system, 
e jOn 
ae H(W) 


ages e 
i K 


Also, the transmitted power density in direction (05.9%) is 
= 2 
P(O.,9,) = P,(0,-0,)18(9,.®) | 
so the gain becomes (Cheng [4] ) 


2 
_ Pi (8,0) 18 (9, Q)| 
Ze sit 
an | ee (8,9) |s(9,d)| -sinoasad 


jk (vx_cos&,-r_ cosa) 
Ec) |) > ameme n no “m mo 
nm 
Zoen 
aa << apis (Ge cosu. — “x Cosa, ) 
amt J J POS 52,3, 2 n sinededd 


= KTaK 


K BK 


Mrs 15, again, a ratio of quadratic forms, with Ko the vector 


Sr clement weights, and 

Zit : 
foe (e.g e® noOS Ay nS On) 
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fer = be 
D = eJkr cose . 
jkr, cosw 
e Al 10 
ep LSS Venice (toi )\e 


C. SIDELOBE SUPPRESSION PRINCIPLES 

Mie wmMoSteelementary technique Of interierence eliminagien 
momee DPOSition a null in the interfering direction. This 
Memerod 1S restricted to Situations in which all other 
ferses are inSignificant and where appropriate care can be 
taken in system alignment to allow for the sharpness of 
nulls. Positioning a null means adjusting the relative 
element phases so that ‘complete cancelation occurs in the 
mull direction. Since maximum Signal reception or radiation 
fmeaatres a different phaSing arrangement, the technique leads 
memodcrilrice in performance. The Suppression of wide sectors 
Seenoise generally requires more than null positioning. Here 
it is desirable to specify Some acceptable level of gain 
Suppression in the sector. This result can be achieved by 
adjustment of both element gain and phase. An artificial 
method of gain adjustment involves modifying the positions 
of the elements in a regular array structure. The complex 
polynomial technique of Schelkunoff permits both direct 


positioning of zeroes corresponding to desired nulls, and 
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Clustering of zeroes to reduce sidelobe level wey aaan 
angular sector. 

Optimization processes permit use Of the wteea Saumay 
environment to adjust the element filters to the optimal 
values. Thus, background noise, sectoral noise, and narrow- 
beam interference may all be considered. In addition, the 
meservation of the noise Environment at the sensors Can 
provide information which can be used in a real-time sense 
to readjust the filters, thus permitting the system to con- 


mmaually adapt itself to the interference environment. 


dies, 





TiLi@ FIXED ARRAYS oTEMS 


Fixed array systems are those in which the parameters 
mmeetie array, Such aS element position; gain, onGmpndoe, mca. 
determined and the array is constructed according to the 
‘resulting specifications. Methods of sidelobe cancelation 
Piethis Situation include direct null positioning, spacing 
Sagustment, perturbation of complex pattern PunGis lOve ce Gee ar 


and pattern synthesis. 


A. DIRECT NULL POSITIONING 
Schelkunoff [13] Showed that pattern functions for linear 
acrays can be represented by complex polynomials on the unit 


circle 


f (Z) -— az, Zea ?) 
m~O 

mimieree P is a constant phase shift per element and an is the 
complex weighting coefficient for the m-th element. Zeroes 
of £(Z) lie on the unit circle and define the positions of 
nulls of the pattern. An M-element array will therefore 
have M-l1 roots of £(Z), determined by the an! and conversely, 
the a, can be wseleceed LOelndereneenelyepeetelon Menu hee 
The resulting design will require individual element feeds 
eapable of both amplitudegand pirase contro 

The concept of virtual ‘couplers ~erevwidernea abil posieten— 
ing system described by Davies [6]. An M-element array has 


a pattern which can be “interpreted oy ene wea comm 
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multiplication principle aS the productive. saseceue t-te 
two-element pattern, and an M-1l element space factor. This 
Feasoning can be extended to its ultimate reduction of the 
amnay to a collection of couplets. {he veousVero ntsc esia. 
the same relative phaSing at each stage. The resulting 
Structure for a four-element array is shown in Figure 4. 

In this case, there are three independently-controlled phase 


Sart s, which permit control of three pattern nulls. 


B. SPACING ADJUSTMENT 

This method, due to Strait and Cheng [16] uses adjust- 
MentsSs in the Spacing of the linear array elements to produce 
results Similar to amplitude weighting of the previous 
Seeceron. A particular advantage, however, is that element 
gains can now be fixed at values satisfying other require- 
ments, such as fixed-power matched drivers. For a linear 
array of N elements with N even and cophasal excitation, 
mae Space factor iS proportional to 


N/ 2 
Soa ee I_cos | 2254) xasing 


= n 
net 





moma Variation in Spacing v, 





6p 
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N/2 
aoe SE 1,c0s| 255) x (a+v) sing 


heed 


N/2 _ 

> I cos huey, kdsing + “? : kvsind| 
= n 2 2 

n=1 

2 I cos | (FBS ) c Vv 
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Figure 4. Nuli—-Posi &16ning set tema 
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where W= kdsino, 
Se) (20S 
Sn 2 d° 
For c YW sufficiently small, 
ee ‘2n-1 7 2n-1 
Des ae I. [cos cm W c WV sin? IF 


Since sin =~ LY, 


4c 


S. =D 1, [cos (3) V - a sinWsin Pasty 








Ze 


“i, PEAY + Fe (coe AV - co AY] 


ieets then apparent that, given a desired space factor as a 





Seoine Series with arbitrary element weights, the series s 
eam be Equated term by term and the factors oe computed in 
Such a way as to hold I. Constant. Swen a result would 
permit the design of transmitters for optimum, constant 
operating power characteristics, and would also avoid the 
eomplications of individual element amplification and phase 


Weighting. 


C. PERTURBATION OF ZEROES 

This approach involves making small adjustments in the 
Hecatlons of zeroes of the complex array polynomial. ~ A 
Similar technique has been used by Baker [1], to modify 
features of another otherwise suitable pattern. Since the 


Space Lactonr 1s 
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inf I 
s(@) = TT (2-2) 


n=1 


tae array factor 1s 


NESE 
P(e) = sco] 7 ai Mel 2e"*n [cosh a, - cos (Y-p,) 


eles 


where Z = oy, W= kd (sin®@) -D 


and 24 a en + jb 


n are the roots of the polynomial. Since 
Zeets assumed that a LS NOL Necessarily Zero, ete OO mane 
4 moenot mecessarily a null of the pattern. ) Thevbasciewicdeas 
is to start with a known, approximately satisfactory pattern, 
Pi (8), and to construct a desired modification of the pat- 
tern, as shown in Figure 5. Variations may now be made in 
an and b, GO Minimize tehewexcess amplitude of tene Srdelobes 
mieene sector of interest, or to minimize the mean—-Ssquared=— 
difference between the ‘desired pattern and the actual pat- 
tern. Normally, it would be necessary to define the refer- 
ence pattern over the entire range from 9 = 0 to 9 =3l. 


Otherwise, adjustments resulting from differences in a given 


Sector may cause reduction of performance in the main beam. 


D. PATTERN SYNTHESIS 

This procedure is also based on the theory of Schelkunore: 
A desired space factor may be defined by an arbitrary 
function, F(9), over the range 9 = 0 to 9 = fL, OG Les 


equivalent function of VY, £(V), where 


W = easune) =e 
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Ef the array has an odd number of elements and eenetce or... 
ents equidistant from thesends of Ehespelynenval are sheoumuaes 
to be conjugates, the space factor becomes 

N 

s(W) =i o> SA cos nVt B. sin nW) 

= n n 

new 
where the unknown AL and Bh ane. reared. Om emo el imeniaccme 
M@eerricients. Then, the desired Space factor may be expanded 


as a Fourier series so that 


£ (W) = SS (P_ cos nV + Q. sin nW 
n-O 


and the coefficients of the two series can be equated. 


22 





IV. LINEAR PROCESSING ARRAYS 


Two types of Signal processing systems Utilize einer rane 
mebtcering, Or weighting, of “Gach array elemene. eosopeimmZenn 
Beiarornance characteristic of the aGcay..ein onc emernicdstnce 
Signal to noise ratio, SNR, iS maximized. Two general 
aporoaches to SNR maximization have been considered by 
Mermoz [ll] uSing N-channel matched filters, and by Cheng 
fee | using the properties of Hermitian matrices. In the 
eeeona method the directive gain of the array iS Optimized, 
subject to constraints which may include specification of 
Meemoecc red location Of pattern nulls. The ecbjecctive votes 
feeimiZzaction iS to obtain a set o£ Lilters which result in 
Meeimizing knowledge of the presence of a Signal when the 
sagnal and noise are additive. The maximization techniques 
mecmire knowledge of the structure of noise in the surrounding 
Ber cronment; for the matched filter apbroeach, the noise muse 
be observable by meaSurement at the ScEcEOy elements in order 
Po termnine Tes Statistical properties.) ihe has tire acuene 
tage of permitting adjustment of the filters on the basis of 
the noise measurement if the noise environment changes; 
Mevwcver, it also requires a capability to process direcee 
noise information separately from filtered signal plus noise. 
The matrix approach iS equivalent to the matched filter 
approach in receiving systems;it permits constraints on null 


locations to be included in the oper Zoe. 
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A. SNR OPTIMIZATION 
It eer own that the signal-to-noise ratio can be 
represented by 
SNR = K'ck 
Ke 
where K is the vector of element weights and G and Y are 
Square matrices relating the relative element time delays 
and the filter, signal, and noise power spectral densities. 


Cheng [3] has used the resulting function to show that if 


G can be represented by 


G 


il 
9 
hr 


where 
e Ikr cosa, | 
e Jkr,cos%, 
eos ° 


= a 
e7 JKT yy 1 5°08 y-1) 


then the maximum SNR is 


SNR = pty lp 
max O O 


and the maximizing filter weights are 


mie Vector By consists of the relative phase functions of 
the signal at each element of the array. Normalizations 
have been assumed so that the results are valid only within 
a constant factor. Mermoz [ll] has used the correlation 


=> 
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properties of signals and noises at the various elements to 
arrive at the result that the optimizing filter, H() . is 


given by 
| me * 
2 Coan HL (®) = Ss. (®) 


where Ce is the noise cross-power spectral density of the 
m and n-th elements and Sa is the conjugate of the signal 
spectrum. It has been assumed that the signal input to the 
filters has been delayed to compensate for the relative delay 
of the signals; this operation was previously performed by 
mae vector Fo: The result, then, for optimal performance is 
that 
a) The signal should be delayed by a combination 
of Signal time delay and noise correlation; 
b) The signal should be attenuated in proportion 
GO ENG netse Correlacion-; 
c) The result should be linearly filtered by a 
matched filter, H(W) = S*(q)). 
Combining these results, the complete filter system is given 
by 


Se 
H,(@) = (CFG) S, 


For the M-element system, Fo provides the M synchronizing 
delays, C is the MxM matrix of noise correlations (in the 
frequency domain), and H is the Mxl vector of channel 

mr Lcers. s" is 1xM. If the noise environment is a single 
coherent signal (jamming) from a certain direction, the 


optimization problem reduces to adding the element outputs 
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in such a way as to maintain SynchroniZation of the desired 
Signal, while achieving maximum cancelation of the inter- 
fering Signal. A two-element monochromatic Situation as 
shown in Figure 6 illustrates the application of these 
iMmerecring CONCeptS. fom ehe phase and veime=dellaysnereopone. 
at element 1, the relative Signal and noise delays at element 


2 are 


lb = 


Ss 


Qle 


(d sin 0.) 


Qe 


T.. = (d sin Q.7) 


meetalters Hy and Ho ame assumed) EOuCOMotce Or yey suena cree 


synchronizing delay followed by an inverse noise covariance 


fPelter, ee then 


H 1 E 1 | = ee 1 
a Cin 12 

H, eI Ot, c*-1 cl 1 
12 22 


in this formulation, amplitude normalization has been 


assumed. Since the noise is coherent and monochromatic, 


eul = =] = 

oan Mae) Be 

-l _ *-1 jo (T_ - TT) 
- + 

eR rae e N s!. 


Accordingly, with some algebra, 


2) ; ee) 
| | eI0% (ely - TI 
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Figure 6. 2-Element Filter System 
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jo 
For signal and noise inputs A and Ni oak etemen ew ieane aes? S 


nice 


and Ne mn at element 2, the filter outputs are 
ae (ee 
V, = (AtN) [3 Pesan %) 
_ 3 me. T ° 56 OHT = Car 
V5 = (Ae jot, + Ne je N) (eo Ss) a - e (Li C5) ; 


Peeaation Of the filter outputs results in the final Output, 


= Sts = — oe he 
We Vi Vo 2A 2A cosWw ( . t) 


2A [1 - cosW(C. oe 


Certain comments are appropriate concerning the procedure 
followed before evaluating the result. Under the asSumption 
O@@ Coherent monochromatic noise, the covariance matrix, C, 
MmmoLt invertible, Since 

det C = Q. 
This implies that an infinite SNR is obtainable, which means, 
aS stated by Mermoz [11], that the noise is completely can- 
S-Wable. However, the construction of phase-Shifting 
mmeeersS in the desired structure can Still be carried out. 
The procedure also assumes that relative attenuation 
between the sensors is negligible, which would be approxi- 
eee ly true in practice. The resulting output Signal 
Seiicains no noise component; therefore the process of 
cancelation is valid regardless of the angles involved. 


However, the signal amplitude is reduced by delay of the 


moise relative to the signal. If the neise™and Signa arc 
from the same direction, ec =e and the “Outpa@er 1S" zeree 


In fact, due to the broadness of the cosine function near 
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ft 


L. - C. = 0, resolution of the signal and noise will be 
difficult over a large angular range. Une eecul ern soueeu. 
Siemal , Vee should be passed through a matched filter in 


the general case; for monochromatic signals, this would be 


mmagi—-O resonant filter, 


B. GAIN OPTIMIZATION 
Maximization of directive gain, G, is accomplished 
using the same characteristic of quadratic forms as used 


mol oNR. Thus, if 


g = K'aK 
KT BK 
then 
G = pfp ly 
max 
and 
-1 


K, ~ (Bae: 
where K_ is the vector of maximizing filter weights, A, B, 
and D are as previously defined. Since the elements of B 
are 


ZA 


- i jit Cos Ce=mummcosea. ) 8 
bn an} { P (8,9) e n nom m’ singasa 


oO 
it is apparent that maximizing G is equivalent to maximizing 
SNR under the assumptions of monochromatic operation with 
BSoOLBepiC Clements in emmidirectional noree. 

It may be desirable to utilize constraints in the opti- 
mization of SNR or G. In the case of transmitting systems, 
radiation in a certain direction may cause excessive inter- 


ference; for receivers, a fixed noise source may be more 
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easily handled by simply requiring a null in its 
rather than designing the correlation processecuc 
needed. Cheng [3], and Drane and McIlvenna [9] h: 
Ianeo procedures to accomplish the constraimequms 
based on transformation of the A and B matrices to an 


somLtaged form which includes the effect of the constraining 


relations. 


Se) ADAPTIVE SYSTEMS 

the signal processing systems previously described can 
be designed for a static mode of operation in which the 
mercer weights are predetermined. The array may accordingly 
Pemacjucsted for a fixed main beam direction and fixed) noise 
frst ribution or for scanning beams. The full capabilities 
Smeeae Correlation ee Elsie) sucS “sleilivevies) Wioea wale 
design is extended to time-varying situations in which the 
Beeeelobe Structure depends on the orientation of Ehe main 
beam or the noise environment is subject to random variation. 
In such cases, the correlation measurements can be made ona 
real time basis, thereby keeping the system operation in 
meanrly optimal condition. The time varying characteristics 
ere usually assumed to vary slowly; otherwise, the statisti- 
cal model of the noise may be over-complicated. The main 
meoplem in developing a self-adaptive arrangement is con] 
Struction of the correlation functions. ~One general Seneme 
fOr control of the filters is shown in Figure 77 Oper aceen 
of this system, as described by Brennan, et. al. [2], is 


defined by 
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where F. is the steering vector and Q is the Laplace trans-— 
Gorm of a linear filter, and W is the vector of weights: 


The desired covariance matrix is 


2 * 
Mayet is {, v5. 
1Jj ts] 
T 


N 
But WV = Vv. = = WV, 


SO 


Also, N 


and since 


* 
I ee { v a 
ni he ae 


it is clear that 


a2 





* 
E {v wv} = MW. 
The weights are thus seen to be controlled by the qdittevenee 
between the steering vector and a filtered function of the 


product of covariance and weights. In the first-order 


case, 
a il: 
Qo” FeF i 
and in the second order case 


OQ. SS 

UUs yee (ets 
Here TU represents the eigenvalues of the Smooening jpsocess, 
Q, not to be confused with relative Signal and noise delays. 
Oives form of filter control leads to the optimal weights 
which maximize SNR. ' Widrow [17] has considered another 
Pes ceduxe Shown in Figure 8 in which the system adapts to 
fifteen a Gesired signal by minimizing the mean Squared error. 
Mae pilot signal can be injected internally, or added to the 
external Signal and noise field. Doyle's [8] comparison of 
the SNR-maximization and Signal-matching systems indicates 
erat the pilot-Signal technigue requires high power €o 


pemiteve adequate “lock-on". 


D. SPATIAL SIGNAL DISTRIBUTIONS 

The systems previously described have modeled signals 
and noise as observable functions of time for which time- 
correlations can be constructed; the external, spatial 
properties of the signals have been assumed to be restricted 


to time délays which are explicitly relared to ™se2-acm 


oe 
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Figure 8. Adaptive Signal-Matching System 
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direction. These asSumptions are not overly xcestriceive 

in normal applications; however, they may be eliminated by 
application of a more general theory of Spacc=time Ccroess— 
correlation functions. Such a theory ase beer med e seam, 
Childers and Reed [5]. Use of these concepts has been con- 
sidered by Cheng and Tseng [4] in the formulation of 


signal-to-noise ratio for arrays. 
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